Introduction {#s1}
============

Stroke is the second leading cause of death and a major cause of disability worldwide [@pone.0046092-Donnan1]. Rapid revascularization of the occluded vessels and timely reperfusion is one of the most effective approaches to salvage cerebral ischemic damage. However, restoration of blood flow during reperfusion phase can evoke ischemia-reperfusion (I/R) injury that is not present at ischemia phase but can be modulated only at reperfusion. Efforts have been made to alter the patterns of reperfusion and to alleviate I/R injury. Ischemic postconditioning (IPOC), first reported by Zhao et al. in 2006, represents a promising strategy to reduce I/R injury and attenuate the lethal ischemic damage after stroke [@pone.0046092-Zhao1]. This protective strategy is induced by a repetitive series of brief interruptions of reperfusion applied at the onset of reperfusion after a prolonged period of ischemia. Furthermore, anesthetics and other pharmacological agents can be used as postconditioning stimuli or triggers to elicit protective effects, which is called anesthetic or pharmacological postconditioning [@pone.0046092-Wang1], [@pone.0046092-Danielisov1]. The neuroprotection elicted by postconditioning has been well demonstrated from different laboratories in different species [@pone.0046092-Leconte1]--[@pone.0046092-Xing1]. In the research field of myocardial ischemia, the intensive research of IPOC has even led to clinical trials [@pone.0046092-Staat1], [@pone.0046092-Ivanes1]. However, the mechanism underlying the effects has yet to be investigated.

Autophagy is the cellular process that mediates lysosomal degradation of long-lived cytoplasmic proteins, initiated under the conditions of differentiation, starvation, or stress such as oxidative stress, endoplasmic reticulum stress and protein aggregate accumulation [@pone.0046092-Mizushima1]--[@pone.0046092-Sarkar1]. During autophagy, cytoplasmic components are sequestered into double-membrane vesicles called autophagosomes, then fuse with lysosomes to produce single-membraned autophagolysosomes, and degraded by lysosomal hydrolases. LC3 and Beclin 1 are two pacemakers in the autophagic cascade. LC3, the microtubule-associated protein 1A light chain 3, exists in cytosolic form (LC3-I) and membrane-bound form (LC3-II). The ratio of conversion from LC3-I to LC3-II is closely correlated with the extent of autophagosome formation [@pone.0046092-Kabeya1]. Beclin 1, first described in a yeast two-hybrid screen as a Bcl-2-interacting protein, is essential for the recruitment of other autophagic proteins during the expansion of pre-autophagosomal membrane [@pone.0046092-Liang1], [@pone.0046092-Pattingre1]. In addition, the autophagic protein p62/SQSTM1 is selectively incorporated into autophagosomes through direct binding to LC3 and efficiently degraded by autophagy. The level of p62 inversely correlates with autophagic activity [@pone.0046092-Bjrky1]. Autophagy activation can maintain cellular homeostasis and survival either by purging the cell of dysfunctional organelles, toxic metabolites and intracellular pathogens, or by generating the intracellular building blocks required to preserve vital functions during nutrient deprivation [@pone.0046092-Mizushima1], [@pone.0046092-Shintani1]. Simultaneously, autophagy can also trigger non-apoptotic programmed cell death (autophagic cell death) through excessive self-digestion and degradation of essential cellular constituents [@pone.0046092-Shintani1], [@pone.0046092-Uchiyama1], which is implicated in various physiological and pathological conditions relevant to neurological diseases.

The autophagy-lysosomal pathway is an evolutionarily conserved process of regulated turnover of cellular constituents [@pone.0046092-Mizushima1]. Some earlier studies have reported that autophagy is induced in cerebral ischemia in various animal models, including focal or global cerebral ischemia or hypoxia-ischemia models in rats and mice [@pone.0046092-Rami1]--[@pone.0046092-Wang2]. However, whether and how autophagy is involved in the IPOC-induced tolerance to cerebral ischemia has not been shown in those studies. At present, we tested our hypothesis in a focal cerebral ischemic model with permanent MCA occlusion plus transient CCA occlusion, giving a systematical review of potential activators and inhibitors of autophagy, in order to explore the contribution of autophagy to IPOC-induced neuroprotection against cerebral ischemia in rats.

Results {#s2}
=======

Activation of autophagy in focal cerebral ischemia {#s2a}
--------------------------------------------------

To determine the extent of autophagy activation in the focal cerebral ischemic model, a time course analysis of autophagic markers LC3, Beclin 1, and p62/SQSTM1 was conducted in the penumbra at 1, 6, 12, 24, and 48 h postischemia. The western analysis results revealed the ratio of LC3-II/LC3-I and the expression of Beclin 1 increased as early as 1 h after ischemia, augmented significantly at 6 h, peaked at 24 h and lasted for 48 h postischemia ([Figure 1A--B](#pone-0046092-g001){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group). Conversely, the expression of p62 decreased since 1 h and lasted up to 48 h, and there was a significant reduction starting at 6 h and reaching its bottom at 24 h postischemia ([Figure 1C](#pone-0046092-g001){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group). These findings suggest an enhancement of autophagy in this focal cerebral ischemic model, and support previous research that autophagy was induced in rats and mice subjected to ischemic insults [@pone.0046092-Rami1], [@pone.0046092-Wen1], [@pone.0046092-Carloni1].

![Time-dependent changes of LC3, Beclin 1 and p62 expression in the penumbra following ischemia.\
Rats were subjected to 30 min ischemia followed by 1, 6, 12, 24, and 48 h reperfusion. Extracts from the sham-operated and ischemic cerebral cortex were separated for immunoblotting. (A--B) Changes of LC3 and Beclin 1 expressions at different times of reperfusion. The ratio of LC3-II/LC3-I and the expression of Beclin 1 increased from 1 h to 48 h with a significant increase starting from 6 h and peaking at 24 h postischemia. (C) Changes of p62 expression at different times of reperfusion. The expression of p62 decreased significantly at 6 h and lasted until 48 h, with a maximum reduction at 24 h postischemia. Levels of β-actin protein were used as the loading control. Bar represents mean ± SEM from 5 rats in each time point. \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group.](pone.0046092.g001){#pone-0046092-g001}

IPOC inhibition of postischemic autophagy {#s2b}
-----------------------------------------

As mentioned above, the autophagic activity was upregulated significantly at 6 h and peaked at 24 h after ischemia. Then we examined the expressions of LC3, Beclin 1 and p62 in the Sham, I/R and IPOC groups to evaluate IPOC-induced changes of autophagic activity at these two time-points. As shown in [Figure 2A--B](#pone-0046092-g002){ref-type="fig"}, 6 h after ischemia, although the ratio of LC3-II/LC3-I and the protein level of Beclin 1 increased significantly in rats subjected to ischemia with and without postconditioning than that in the sham-operated rats ([Figure 2A--B](#pone-0046092-g002){ref-type="fig"}; \**p*\<0.05 vs. the Sham group), there was no significant difference between the two groups. Twenty-four hours after ischemia, the upregulated expressions of LC3 and Beclin 1 were still detected at significant levels in I/R group, but not in rats treated with postconditioning ([Figure 2A--B](#pone-0046092-g002){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group). Meanwhile, the expression of p62 decreased greatly in rats subjected to ischemia at 6 h and 24 h, and IPOC significantly blocked the downregulation of p62 only at 24 h postischemia ([Figure 2C](#pone-0046092-g002){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group). The immunoblotting results revealed autophagy activation in both I/R and IPOC groups, though varied in extent and persistence. IPOC might attenuate the further induction of autophagy in focal cerebral ischemia.

![Effects of IPOC on autophagy induction in the penumbra at 6 h and 24 h postischemia.\
Extracts from the sham-operated and ischemic cerebral cortex in I/R and IPOC groups were separated for immunoblotting at 6 h and 24 h postischemia. (A--C) The expression changes of LC3, Beclin 1 and p62 at 6 h and 24 h after postconditioning treatment. Autophagy is activated in both I/R and IPOC groups, and IPOC eliminated the induction of LC3/Beclin 1 and reversed the reduction of p62 at 24 h but not 6 h postischemia. Levels of β-actin protein were used as the loading control. n = 5 for each group in each time point; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group.](pone.0046092.g002){#pone-0046092-g002}

Rapamycin partially attenuated IPOC-induced neuroprotection {#s2c}
-----------------------------------------------------------

To further address the induction of autophagy in IPOC-induced neuroprotection, the autophagy inducer rapamycin was administered before postconditioning. Intracerebral ventricle (i.c.v.) injection of rapamycin at a dose of 35 pmol could effectively induce autophagic activity [@pone.0046092-Sheng1], thus was used in the current study. Considering the controversial role of rapamycin in cerebral ischemia, rapamycin was applied at the onset of reperfusion first to determine its role in this focal cerebral ischemic model. The results of TTC and water edema measurement showed there was no significant difference between the ischemia-only and rapamycin-treated rats at 24 h after ischemia (see [Figure S1](#pone.0046092.s001){ref-type="supplementary-material"}). The mean infarct size of 39.44±2.86% was detected in the ipsilateral cerebral cortex in ischemia-only rats, while postconditioning significantly reduced the infarct size by approximately 50% at 24 h after ischemia ([Figure 3A--B](#pone-0046092-g003){ref-type="fig"}, 36.69±3.05% vs. 19.21±1.84%; ^\#^ *p*\<0.05 vs. I/R-24 h group), in agreement with previous reports [@pone.0046092-Zhao1], [@pone.0046092-Gao1]. In addition, measurement of water edema showed that the water content increased to ∼80% in the ischemic brain with postconditioning treatment, but significantly lower than that in the ischemia-only brain ([Figure 3C](#pone-0046092-g003){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group), further suggesting that IPOC abrogated ischemia-induced brain injuries. However, these neuroprotective effects were partially reversed by a single i.c.v. injection of rapamycin, resulting in larger infarct size of 28.37±2.30% and more water content as compared with IPOC or IPOC+Veh groups ([Figure 3A--C](#pone-0046092-g003){ref-type="fig"}; ^\$^ *p*\<0.05 vs. IPOC+rapa group). It indicates that rapamycin may attenuate the neuroprotective effects induced by postconditioning.

![TTC staining and brain edema measurement from rat brains in different groups.\
Rats were treated with an i.c.v. injection of 35 pmol rapamycin 15 min before postconditioning, and then followed by 24 h reperfusion. (A) Representative infarcts stained with TTC in the Sham, I/R-24 h, IPOC-24 h, IPOC+rapa and IPOC+Veh groups 24 h after stroke. (B) Quantification of infarct size from each group at 24 h after ischemia. (C) Quantification of water content from each group at 24 h after ischemia. IPOC reduced infarct size and mitigated brain edema after stroke, whereas rapamycin partially eliminated the neuroprotection of IPOC. n = 8 for each group. \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. IPOC+rapa group.](pone.0046092.g003){#pone-0046092-g003}

Twenty-four hours after ischemia, morphological changes of neurons were observed by transmission electron microscopy (TEM) in the ischemic penumbra of cerebral cortex ([Figure 4A](#pone-0046092-g004){ref-type="fig"}). In the Sham group, the cortical neurons appeared normal, with relatively healthy-looking nuclei, mitochondria, endoplasmic reticulum and a few double membrane-bound compartments. After ischemia, the cortical neurons in I/R-24 h group were vacuolated with disrupted cell structure and shrunken nuclei. The mitochondria were visibly swollen with vacuolated and disorganized cristae. The endoplasmic reticulum were dilated and fragmented, with some ribosomes detached from the rough ones. Many damaged neurons displayed apoptotic or necrotic morphological features: condensation of chromatin, shrinkage of cells, and rupture of cell membranes. Meanwhile, increased autophagosomes and autolysosomes with cytoplasmic material and enhanced electron density were observed in damaged neurons as well, implying the involvement of autophagosomal/lysosomal component in ischemia-induced cell death. In the IPOC+rapa group, increased autophagosomes were also found. Some neurons were apparently injured in morphology with disrupted cell structure, but the formation of cytosolic vacuoles decreased when compared with the I/R-24 h group. Comparatively, the IPOC-24 h or IPOC+Veh group revealed moderately swollen mitochondria and dilated endoplasmic reticulum, with fewer autophagosomes and autolysosomes, and less severe cell damage than that in I/R-24 h or IPOC+rapa group.

![Rapamycin partially attenuated the autophagic inhibition effects induced by IPOC.\
(A) The formation of autophagosomes in cerebral cortex in the Sham, I/R-24 h, IPOC-24 h, IPOC+rapa and IPOC+Veh groups at 24 h after ischemia. Rats were perfused with 4% PFA and 1% glutaradehyde and processed for electron microscopic examination. The photomicrographs showed represent samples taken from 3 rats in each group. Arrows indicate autophagosomes. Arrowheads indicate lysosomes. Insets in the pictures were enlarged autophagosomes taken from the areas indicated by arrows. Scale bars: 1 µm. (B--D) Western blot analysis of the expressions of LC3, Beclin 1 and p62 in the penumbra in the Sham, I/R-24 h, IPOC-24 h, IPOC+rapa and IPOC+Veh groups at 24 h after ischemia. Rapamycin upregulated the expressions of LC3/Beclin 1 and downregulated p62 when compared with that in IPOC group. Levels of β-actin protein were used as the loading control. n = 5 for each group. \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. IPOC+rapa group.](pone.0046092.g004){#pone-0046092-g004}

The electron-microscopic morphology prompted us to further evaluate the association between autophagy inhibition and postconditioning treatment following ischemia. To confirm rapamycin-induced autophagy, the expressions of LC3, Beclin 1 and p62 were examined in Sham, I/R, IPOC, IPOC+rapa and IPOC+Veh groups at 24 h postischemia. In rats treated with rapamycin plus postconditioning, the ratio of LC3-II/LC3-I and the expression of Beclin 1 increased significantly as compared with that in the IPOC group or IPOC+Veh group, but still lower than the levels in I/R-24 h group ([Figure 4B--C](#pone-0046092-g004){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. IPOC+rapa group). The expression of p62 displayed a downregulation after rapamycin administration with IPOC ([Figure 4D](#pone-0046092-g004){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. IPOC+rapa group), implicating that IPOC-induced inhibition of autophagy may be partially attenuated by rapamycin.

To confirm the above observations, the immunofluorescence of LC3 and Beclin1 in the cerebral cortex of ipsilateral hemisphere was examined. In double staining, LC3 and DAPI showed a granular, homogeneous pattern almost exclusively in the region of the perikaryon ([Figure 5A](#pone-0046092-g005){ref-type="fig"}). In the Sham group, LC3 immunoreactivity was low. Twenty-four hours after ischemia, the immunoreactivity increased robustly in I/R-24 h group in the surrounding area of the ischemic core, however, it declined greatly at the corresponding regions after postconditioning treatment. Whereas in the IPOC+rapa group, the number of cells displaying increased LC3 immunostaining was more than that in IPOC-24 h and IPOC+Veh groups, but fewer than that in I/R-24 group. Similarly, Beclin 1 displayed granular staining in the perikaryal region of cells and a marked induction of immunoreactivity in I/R-24 h group, but not in IPOC-24 h and IPOC+Veh group, whose immunoreactivity was relatively weak ([Figure 5B](#pone-0046092-g005){ref-type="fig"}). When rapamycin was administered before postconditioning, the immunostaining of Beclin 1 was stronger than that in IPOC-24 h and IPOC+Veh groups.

![Cellular localization of LC3 and Beclin 1 after postconditioning.\
(A) Cellular localization of LC3 after postconditioning. (B) Cellular localization of Beclin 1 after postconditioning. Rats were fixed with 4% PFA, dehydrated in alcohol, and the brain sections of the ipsilateral hemisphere were double-labeled with the anti-LC3 antibody (green) and DAPI (blue) or anti-Beclin 1 antibody (red) and DAPI (blue). The LC3 immunoreactivity was weaker in IPOC-24 h and IPOC+Veh groups than that in I/R-24 h group. When rapamycin was administrated before postconditioning, the LC3 immunoreactivity was relatively enhanced, but weaker than that in I/R-24 h group. Similarly, rapamycin plus postconditioning treatment increased Beclin 1 immunoreactivity, but not as strong as that in I/R-24 group. n = 3 in each group. Brain sections were viewed under a fluorescence microscopy. Insets in the pictures were amplified immunofluorecence staining taken from the areas indicated by arrowheads. Scale bar: 400 µm.](pone.0046092.g005){#pone-0046092-g005}

Taken together, the results from the western blot analysis and the morphological changes presented in TEM and immunofluorescence studies suggest that inhibition of autophagic pathway contributes to the neuroprotection of IPOC.

3-MA mimics the neuroprotection induced by IPOC {#s2d}
-----------------------------------------------

If autophagy inhibition is invoved in the neuroprotection of IPOC, then whether autophagy inhibitor 3-MA could mimic some neuroprotective effects induced by IPOC still remains unknown. As previously discovered, i.c.v. of 150 to 600 nmol 3-MA has protective effects against focal cerebral ischemia [@pone.0046092-Wen1], [@pone.0046092-Wang2], then a dose of 600 nmol 3-MA was used for the current study. 3-MA administered before reperfusion significantly reduced infarct size and abolished the ischemia-induced increase in brain water content. In addition, the infarct size in 3-MA+IPOC group was smaller than that in 3-MA alone group, however, there was no significant difference between the two groups. Simultaneously, the results of water content measurement showed no significant difference between the two groups as well. ([Figure 6A--C](#pone-0046092-g006){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group). The morphological changes under TEM showed that after 3-MA treatment, though swollen mitochondria, dilated endoplasmic reticulum and cytoplasmic vacuoles still existed in some neurons of the ischemic cortex, autophagosomes were hardly observed and the cell damage seemed much less than that in I/R-24 h group ([Figure 7A](#pone-0046092-g007){ref-type="fig"}). The immunofluorescence test indicated that the immunoreactivity of both LC3 and Beclin 1 declined strongly in the I/R+3-MA group in the penumbra as compared with that in the I/R-24 h group ([Figure 7B--C](#pone-0046092-g007){ref-type="fig"}). Moreover, after 3-MA treatment, the ratio of LC3-II/LC3-I and the protein level of Beclin 1 decreased while p62 increased ([Figure 8A--C](#pone-0046092-g008){ref-type="fig"}; \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. I/R+Veh group). The results implicated that the autophagy inhibitor 3-MA, when administrated at the onset of reperfusion, could ameliorate the ischemic injuries and inhibit autophagic induction, and that 3-MA may mimic some protective effects of IPOC to elicit neuroprotection against focal cerebral ischemia. In addition, the expression of Bcl-2 in the penumbra was detected. The immunoblotting result showed that the protein level of Bcl-2 was lower than that in the sham-operated rats at 24 h postischemia ([Figure 8D](#pone-0046092-g008){ref-type="fig"}; \**p*\<0.05 vs. the Sham group). However, IPOC or treatment with 3-MA before reperfusion could partially result in the recovery of Bcl-2 ([Figure 8D](#pone-0046092-g008){ref-type="fig"}; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. I/R+Veh group), indicating that upregulation of Bcl-2 is involved in the neuroprotective effects elicited by IPOC and 3-MA in this focal cerebral ischemic model.

![Treatment with 3-MA alone or combined with IPOC reduced brain infarction and water content after ischemia.\
Rats were treated with an i.c.v. injection of 600 nmol 3-MA or combined with IPOC at the onset of reperfusion, then followed by 24 h reperfusion. (A) Representative TTC staining from rat brains in the Sham, I/R-24 h, I/R+3-MA and 3-MA+IPOC groups. (B) Quantification of infarct size from each group at 24 h after ischemia. (C) Quantification of water content from each group at 24 h after ischemia. 3-MA alone or combined with IPOC reduced infarct size and mitigated brain edema induced by cerebral ischemia. n = 8 in each group. \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group.](pone.0046092.g006){#pone-0046092-g006}

![3-MA inhibited the formation of autophagosomes and reduced the immunoreactivity of LC3 and Beclin 1.\
(A) Ultrastructural morphology of cerebral cortex in the Sham, I/R-24 h and I/R+3-MA groups at 24 h after ischemia under transmission electron microscope. Rats were perfused with 4% PFA and 1% glutaradehyde and processed for electron microscopic examination. The photomicrographs showed represent samples taken from 3 rats in each group. Arrows indicate autophagosomes. Arrowheads indicate lysosomes. Insets in the pictures were enlarged autophagosomes taken from the areas indicated by arrows. Scale bars: 1 µm. (B--C) The immunofluorescence of LC3 and Beclin1 in the cerebral cortex of ipsilateral hemisphere. The coronal sections were double-labeled with the anti-LC3 antibody (green) and DAPI (blue) or anti-Beclin 1 antibody (red) and DAPI (blue). Both the immunoreactivity of LC3 and Beclin 1 elevated robustly in I/R-24 h group, however, it declined greatly at the corresponding regions after 3-MA treatment. n = 3 in each group. Brain sections were viewed under a fluorescence microscopy. Insets in the pictures were amplified immunofluorecence staining taken from the areas indicated by arrowheads. Scale bar: 400 µm.](pone.0046092.g007){#pone-0046092-g007}

![The changes of expressions of LC3, Beclin 1, p62 and Bcl-2 after 3-MA treatment.\
(A--C) The changes of LC3, Beclin 1 and p62 after the treatment of 3-MA. 3-MA downregulated the ratio of LC3-II/LC3-I and the expression of Beclin 1, and upregulated the expression of p62 as compared with that in I/R-24 h or I/R+Veh group. (D) The expression of Bcl-2 after the treatment of 3-MA. The expression of Bcl-2 decreased at 24 h postischemia, however, IPOC or treatment with 3-MA partially resulted in the recovery of Bcl-2. Levels of β-actin protein were used as the loading control. n = 5 for each group. \**p*\<0.05 vs. the Sham group; ^\#^ *p*\<0.05 vs. I/R-24 h group; ^\$^ *p*\<0.05 vs. I/R+Veh group.](pone.0046092.g008){#pone-0046092-g008}

Discussion {#s3}
==========

In the present study, we established a focal cerebral ischemic model with permanent MCA occlusion plus transient CCA occlusion and found that autophagy was activated in the penumbra at various time intervals following ischemia. IPOC, performed at the onset of reperfusion, significantly decreased infarct size, mitigated brain edema, and simultaneously, attenuated the induction of autophagy at 24 h after ischemia. Whereas all the neuroprotective effects induced by IPOC were partially reversed by the autophagy inducer, rapamycin. Conversely, 3-MA inhibited autophagy induction, upregulated the expression of anti-apoptotic protein Bcl-2, and attenuated the ischemic insults to an extent comparable to IPOC. While 3-MA combined with IPOC didn\'t reinforce the neuroprotective effect of each other. These results suggest that the inhibition of autophagic pathway partially underlies the mechanism of IPOC-induced tolerance to cerebral ischemia.

Over the past several decades, failed clinical trials of exogenously administered drugs as potential neuroprotectants have enhanced the ongoing search to identify endogenously modulated mechanisms that might be harnessed as neuroprotectants in stroke treatment [@pone.0046092-Kirino1], [@pone.0046092-Dirnagl1]. In this attempt, ischemic preconditioning (IPC) and IPOC represent two potent strategies in modulating ischemic damage. IPC is the phenomenon whereby a brief non-injurious episode of ischemic stress renders the organ resistant to a subsequent lethal ischemic insult [@pone.0046092-Kirino1]. Although extensive research has demonstrated that IPC reduces cerebral ischemic damage, it is clinically feasible only when the occurrence of stroke is predictable. Postconditioning, by definition, performed after ischemia and just at the onset of reperfusion, has translational relevance to reperfusion and thrombolitic therapy in acute cerebral ischemia. Some earlier studies reported that autophagy activation is associated with the mechanism of IPC and inhibition of autophagy abrogates the protective effects of IPC [@pone.0046092-Sheng1], [@pone.0046092-Park1]. Whether autophagy is involved in the tolerance induced by IPOC to cerebral ischemia still remains unknown. This formalized hypothesis makes it more likely that our research will lead to meaningful results.

At present, we tested our hypothesis in a focal cerebral ischemic postconditioning model with permanent MCA occlusion plus transient CCA occlusion. For the bilateral CCAs release allows partial reperfusion, which models clinical cases in which recanalization is incomplete [@pone.0046092-Zhao1]. Previous studies have demonstrated autophagy activation in the intraluminal thread model of middle cerebral artery occlusion (MCAO) in rats and mouse [@pone.0046092-Rami1]--[@pone.0046092-Tian1]. Consistently, we observed autophagy stimulation in this CCA occlusion plus permanent MCA occlusion model with the upregulation of LC3/Beclin 1 and downregulation of p62, further confirming autophagy activation in focal cerebral ischemia. However, after postconditioning, the induction of LC3 and Beclin 1 was inhibited and the reduction of p62 was reversed at 24 h postischemia, implying that IPOC may be correlated with autophagy inhibition and that IPOC can protect neuronal survival through inhibiting autophagic pathway. In recent years, some studies have suggested that autophagy is involved in the regulation of neuronal death following cerebral ischemia and that postischemic treatment of neonatal cerebral ischemia should target autophagy directly [@pone.0046092-Wen1], [@pone.0046092-Koike1], [@pone.0046092-Puyal1], [@pone.0046092-Zheng1]. For the first time, we found that the neuroprotective effects of IPOC may be associated with autophagy inhibition as well. To further evaluate the contribution of the autophagic mechanism to IPOC-induced neuroprotection and to assess whether the neuroprotective effect could be abolished by pharmacological interactions, rapamycin was applied before postconditioning. Rapamycin, a macrolide antibiotic, is often used as autophagy inducer for its inhibition of the mammalian target of rapamycin (mTOR), which negatively controls autophagy [@pone.0046092-Schmelzle1]. The data indicated that rapamycin alone was not neuroprotective, but attenuated the neuroprotective effects of IPOC. As rapamycin plus postconditioning treatment increased infarct size, aggregated brain edema, upregulated the formation of autophagosomes and enhanced the autophagic activity when compared with IPOC-only treatment, suggesting that rapamycin attenuates the neuroprotection of IPOC and inhibition of autophagy is involved in the mechanism of IPOC. In the past, some studies found that rapamycin alone was not neuroprotective, but abolished the neuroprotective effects of FK506 when coadministered in vivo [@pone.0046092-Sharkey1], [@pone.0046092-Bochelen1]. Labrande et al. further reported rapamycin was unable to protect neuronal cells from oxygen-glucose deprivation but cancelled the neuroprotective effect of tacrolimus in vitro [@pone.0046092-Labrande1]. Our findings are consistent with previous studies of myocardial ischemia, in which autophagic cardiomyocytes decreased significantly after postconditioning but rapamycin completely blocked the infarct size reduction of IPOC or isoflurane-elicited pharmacological postconditioning [@pone.0046092-Victor1]--[@pone.0046092-Krolikowski1]. Furthermore, we explored if 3-MA could mimic the protective effects of IPOC. 3-MA, a widely used inhibitor of autophagy, suppresses autophagy by inhibiting Class III phosphatidylinositol 3-kinase (PI3K), whose activity is required for the membrane dynamics involved in autophagic vesicle trafficking [@pone.0046092-Petiot1]. In this study, 3-MA administrated before reperfusion ameliorated ischemic injuries, downregulated the autophagic activity and increased the protein level of Bcl-2, thus exerted neuroprotective effects compatible with IPOC. In addition, 3-MA combined with IPOC significantly reduced ischemic injuries as well, but didn\'t reinforce the neuroprotective effect of each other, implicating inhibiting autophagic pathway at least partially underlies the mechanism of IPOC-induced tolerance to cerebral ischemia. The neuroprotective effects of 3-MA were supported by the findings that 3-MA elicited a major protective effect against focal cerebral ischemia when applied immediately after ischemia or even 3 h after reperfusion in adult and neonatal rats [@pone.0046092-Wen1], [@pone.0046092-Puyal1]. More recently, Cui et al. further proved that inhibiting autophagy activation and maturation can reduce I/R injury and improve cell survival in vivo and in vitro [@pone.0046092-Cui1]. In this study, we suggest that the neuroprotective effects elicited by IPOC are partially attenuated by rapamycin, whereas 3-MA can mimic the neuroprotective effects of IPOC.

However, several studies have reached the opposite conclusion that autophagy activation is associated with protective effects conferred by IPC and that autophagy inhibition may aggregate ischemic insults [@pone.0046092-Tian1], [@pone.0046092-Carloni1], [@pone.0046092-Sheng1]. Sheng et al. [@pone.0046092-Sheng1] have demonstrated that autophagy activation was involved in the neuroprotective mechanism of IPC and that rapamycin pretreatment produced beneficial preconditioning-like effects, while pretreatment with 3-MA suppressed the neuroprotective effects of IPC. Causes for the inconsistency are unclear. The different models of ischemia, the durations of the ischemic insults and the different ages of animals are offered as possible explanations. It is reported that autophagy is more pronounced in adult mice than in neonatal mice subjected to hypoxia-ischemia injury and autophagic cell death may be more significant in mature animals [@pone.0046092-Zhu1]. Furthermore, although IPC and IPOC are both beneficial to neuronal survival, IPOC is conducted after reperfusion thus alters events after ischemia but IPC is administered prior to ischemia. The possible mechanisms and the conducted timing are different between the two maneuvers [@pone.0046092-Dirnagl1]. In addition, the timing of rapamycin and 3-MA administration might be crucial to the discrepancies. In the process of IPC, 3-MA applied at the beginning of ischemia aggregated ischemic injuries and rapamycin pretreatment produced a potent preconditioning-like effect [@pone.0046092-Sheng1]. Therefore, when rapamycin is administered after ischemia, the level of autophagy will be further raised, hypothetically resulting in excessive autophagy induction. Conversely, 3-MA applied after ischemia or even 3 h after reperfusion could reduce infarct size and attenuate the ischemic injuries, which was supported by the present sturdy as well as the findings from other laboratories [@pone.0046092-Wen1], [@pone.0046092-Puyal1]. Paradoxically, it is also reported that 3-MA administered before ischemia provided time-dependent protection against hippocampal neuronal death and even reduced astrocyte damage after ischemia in vivo and in vitro [@pone.0046092-Wang2], [@pone.0046092-Qin1]. Therefore, the timing of administration is just one determinant of protective effects. In line with this hypothesis is the finding that rapamycin pretreatment blocked the cardioprotection mediated by IPC in myocardial ischemia [@pone.0046092-Vigneron1]. That is to say, the association of autophagy with the neuroprotective effects of IPC and IPOC is highly contextual. It is still not clear which level of autophagy decides between cell survival and death in cerebral ischemia. In the present study, we found that inhibition of autophagic pathway contributed to IPOC-elicited neuroprotection against focal cerebral ischemia and that autophagy inhibition after ischemia may represent a potential neuroprotective mechanism. Further work is needed to clarify autophagy-mediated signaling pathway through which IPOC induces neuroprotection.

In addition, we observed that 3-MA and IPOC treatment both downregulated the expressions of LC3 and Beclin 1, upregulated p62, and reversed the decline of Bcl-2, suggesting a cross-talk between autophagy and apoptosis in postconditioning. Bcl-2 is one of the most abundant anti-apoptotic proteins in Bcl-2 family members. In the past several years, the biological effects of Bcl-2 have been largely attributed to its effects on the apoptotic pathway. Previous studies have indicated that IPOC could upregulated Bcl-2 expression, reduced cytochrome c release to the cytosol, and caspase-3 activity thus inhibited apoptosis after cerebral ischemia [@pone.0046092-Zhao1], [@pone.0046092-Xing1]. Recently, it is reported that Bcl-2 anti-apoptotic family members also target the autophagic pathway [@pone.0046092-Pattingre1]. Bcl-2 could target Beclin 1-dependent autophagic pathway via its inhibitory interaction with the autophagic marker Beclin 1. Beclin 1 possesses a BH3-only domain that dictates its physical and functional interaction with the BH3 binding groove of multi-domain proteins of the Bcl-2 family. Therefore, Bcl-2 can constitutively interact with Beclin1 and function as a brake on levels of autophagy and autophagic cell death. Our findings suggest there is a crosstalk between autophagy and apoptosis in Bcl-2 levels in the process of IPOC, however, the cause-effect relationship between Bcl-2 and autophagy during IPOC needs to be further studied.

In summary, the current study demonstrates that the neuroprotection induced by IPOC against ischemic injury is mediated, at least partly, by inhibiting of autophagic pathway. The autophagic inhibitor 3-MA can be used to reduce damage of fatal cerebral ischemia, which may provide novel strategies for clinical treatment of ischemic stroke.

Materials and Methods {#s4}
=====================

Male Sprague-Dawley rats weighing 300--400 g were housed according to the Guide for the Care and Use of Laboratory Animals. All procedures were approved by the Ethics Committee for the Use of Experimental Animals at Nanjing Medical University (permit number: NYLL2009-0005). The rats were housed in individual cages under controlled conditions, with a 12-hour light/dark cycle, a temperature of 24±2°C and free access to food and water. All surgery was performed under anesthesia and all efforts were made to minimize the suffering of the animals.

Experimental design {#s4a}
-------------------

All animals were randomly assigned to one of eight groups, as shown in [Figure 9:](#pone-0046092-g009){ref-type="fig"}

1.  Sham group: animals were undergone the surgical procedures but without ischemia;

2.  I/R group: rats were subjected to 30 min of ischemia followed by 1, 6, 12, 24, and 48 h of reperfusion;

3.  IPOC group: rats were subjected to ischemia plus postconditioning, and then followed by 6 h and 24 h of reperfusion;

4.  IPOC+rapa group: rats were treated with an i.c.v. injection of 35 pmol rapamycin (Sigma, R0395) 15 min before IPOC as described previously [@pone.0046092-Yuan1], then followed by 24 h of reperfusion.

5.  IPOC+Veh group: rats received an i.c.v. injection of the same volume of vehicle 15 min before postconditioning and followed by 24 h of reperfusion;

6.  I/R+3-MA group: rats subjected to ischemia were treated with an i.c.v. injection of 600 nmol 3-MA (Sigma, M9281) at the onset of reperfusion, then followed by 24 h of reperfusion.

7.  I/R+Veh group: rats subjected to ischemia were treated with an i.c.v. injection of same volume of vehicle at the onset of reperfusion and followed by 24 h of reperfusion.

8.  3-MA+IPOC group: rats subjected to ischemia were treated with an i.c.v. injection of 600 nmol 3-MA at the onset of reperfusion, then mamuplated with postcontioning, and then followed by 24 h of reperfusion.

![Experimental protocol used to evaluate the role of autophagy in IPOC- induced neuroprotection.\
Sham: sham-operated rats; I/R: rats subjected to 30 min of bilateral CCAs occlusion plus permanent distal MCA occlusion followed by reperfusion; IPOC: rats subjected to ischemia plus postconditioning of 3 cycles of 30 sec reperfusion and 10 sec occlusion; IPOC+rapa: rats treated with an i.c.v. injection of 35 pmol rapamycin 15 min before postconditioning; IPOC+Veh: rats received the same volume of vehicle 15 min before postconditioning; I/R+3-MA: rats subjected to ischemia were treated with 600 nmol 3-MA at the onset of reperfusion; I/R+Veh: rats treated with the same volume of vehicle at the onset of reperfusion; 3-MA+IPOC: rats subjected to ischemia were treated with 600 nmol 3-MA plus postconditioning at the onset of reperfusion. IPOC = ischemic postconditioning; rapa = rapamycin; 3-MA = 3-methyl-adenine; Veh = vehicle.](pone.0046092.g009){#pone-0046092-g009}

Focal cerebral ischemia {#s4b}
-----------------------

Rats were anesthetized with 10% chloral hydrate (350 mg/kg, i.p.) and the core body temperature was kept at 37°C during the whole experiment. Focal cerebral ischemia was conducted as described previously [@pone.0046092-Zhao1]. In brief, the bilateral CCAs were separated and the distal MCA was exposed. The bilateral CCAs were occluded first and then the distal MCA was cauterized permanently above the rhinal fissure 2 min later. After 30 minutes of CCAs occlusion plus MCA cauterization, the CCAs were released to allow partial reperfusion through collateral blood flow. For postconditioning, the CCAs were released for 30 sec followed by 10 sec reocclusion, repeated for three cycles, and then allowed reperfusion.

For the i.c.v. injection, some anesthetized rats were placed in a stereotaxic apparatus and a burr hole was drilled into the bone 1.4 mm lateral and 0.8 mm posterior to bregma over the left hemisphere. Using a microinjector, rapamycin, 3-MA or vehicle was infused into the ventricular space ipsilateral to ischemia. Rapamycin was first dissolved in ethanol and then diluted in normal saline solution (the final ethanol concentration \<2%). 3-MA was dissolved in normal saline by heating solution to 60--70°C immediately before treatment. The dosages of rapamycin and 3-MA were selected according to previous studies [@pone.0046092-Wen1], [@pone.0046092-Wang2], [@pone.0046092-Sheng1].

The measurement of infarct size measurement and brain edema {#s4c}
-----------------------------------------------------------

Twenty-four hours after ischemia, rats (n = 8 for each group) were anesthetized and decapitated. Their brains were rapidly removed and sliced into five 3-mm-thick coronal sections and immersed in 2% 2,3,5-triphenyltetrazolium chloride (TTC) for 30 min at 37°C, followed by overnight immersion in 4% paraformaldehyde (PFA). The percentage of infarct cortex was normalized to the contralateral non-ischemic cortex and expressed according to the formula: \[contralateral cortex−(ipsilateral cortex−infarct cortex)\]/contralateral cortex×100%. For edema measurement, the wet-dry weight method with slight modification was employed. The total TTC stained brains were weighed for wet weight, baked at 90±2°C for 1 week, and weighed again for dry weight. Water content in the brain tissues were calculated as: (wet weight-dry weight)/wet weight×100%.

Western blotting assay {#s4d}
----------------------

Rats were decapitated and the brains were harvested to prepare ipsilateral penumbra tissue samples (n = 5 for each time point in each group). The ischemic penumbra was determined according to the methods described previously [@pone.0046092-Zhao1]. Total proteins were extracted and the concentration was determined by the Bradford method. An equal amount of protein (30--50 µg) was loaded in each lane and subjected to 10--15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were then transferred to nitrocellulose membranes. Afterwards, the membranes were blocked with 5% skimmed milk in Tris-buffered saline-Tween 20 (TBST) for 2 h and incubated with the primary antibodies against LC3 (1∶1000, Sigma, L7543), Beclin 1 (1∶1000, Cell Signaling Technology, \#3738), p62 (1∶1000, Enzo Life Science, BML-PW9860), Bcl-2 (1∶1000, Cell Signaling Technology, \#2876) and β-actin (1∶500, Santa Cruz Biotechnology, sc-130301) overnight at 4°C. After rinsing with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (1∶10000, Zhongshan goldenbridge, ZB-2301) for 2 h at room temperature and developed with an enhanced chemiluminescence system (ECL kit, Thermo). The films were scanned and the optical density was quantified using Biosens Gel Imaging System (Biosens, SC810), and then the optical density ratio was normalized to sham.

Transmission electron microscopic examination {#s4e}
---------------------------------------------

Twenty-four hours after ischemia, rats were deeply anesthetized and transcardially perfused with 0.1 M phosphate buffered (PBS, pH 7.4), followed by 4% PFA and 1% glutaraldehyde (n = 3 for in each group). The parietal lobe cortex in the ischemic penumbra selected for analysis was cut into small sections and kept overnight in the same fixative. The selections were then immersed in 1% osmium tetroxide for 2 h, dehydrated in graded ethanol and then embedded in epoxy resin. Afterwards, the selections were cut into ultrathin sections (60--70 nm) with an ultramicrotome and post-stained with uranyl acetate and lead citrate, and subsequently examined under a transmission electron microscope (JEOL, JEM-1010).

Immunofluorescence {#s4f}
------------------

Twenty-four hours after ischemia, rats were deeply anesthetized and transcardially perfused with PBS, followed by 4% PFA dissolved in PBS (n = 3 for each group). Brains were removed and postfixed in 4% PFA overnight. After dehydrated in alcohol, the brains were embedded in paraffin and cut into 4--5 µm sections. Sections were deparaffinized, hydrated in distilled water, treated with 3% H~2~O~2~ for 10 min to remove residual peroxidase activity, and rinsed again with PBS. Afterwards, sections were permeabilized with 0.1% TritonX-100 for 10 min, blocked with 10% normal goat serum for 2 h at room temperature and incubated in the primary antibodies against LC3 (1∶400, Sigma, L7543) or Beclin 1 (1∶500, Abcam, ab62472) at 4°C for 24 h. The sections were rinsed with PBS and sequentially incubated respectively with FITC conjugated anti-rabbit IgG (1∶200, Zhongshan goldenbridge, ZF-0311) or TRITC conjugated anti-rabbit IgG (1∶200, Zhongshan goldenbridge, ZF-0316) in a humidified container for 1 h at 37°C. Then the sections were further incubated with 0.5 µg/ml 4,6-diamidino-2-phenylindole (DAPI) for 10 min. After that, the sections were washed with PBS and sealed with a coverslip. The slides were analyzed with a fluorescence microscopy (Olympus, BX51).

Statistics analysis {#s4g}
-------------------

The statistical analyses were performed with SPSS 16.0 and the values were carried out by one-way analysis of variance (ANOVA). The intergroup comparisons (post-hoc analysis) among the data with equal variances were carried out with the least significant difference (LSD) method, whereas Dunnett T3 method was used for the data with unequal variances. All results were expressed as mean±SEM and were examined for the homogeneity of variance. Statistical significance was defined as *p*\<0.05.

Supporting Information {#s5}
======================

###### 

**TC staining and brain edema measurement from rat brains in the Sham, I/R-24 h and I/R+rapa groups.** Rats were treated with an i.c.v. injection of 35 pmol rapamycin at the onset of reperfusion, and then followed by 24 h reperfusion. (A) Representative infarcts stained with TTC in the Sham, I/R-24 h and I/R+rapa groups 24 h after stroke. (B) Quantification of infarct size from each group at 24 h after ischemia. (C) Quantification of water content from each group at 24 h after ischemia. The results of TTC and water edema measurement showed there was no significant difference between the ischemia-only and rapamycin-treated rats at 24 h after ischemia. n = 8 for each group. \**p*\<0.05 vs. the Sham group.

(TIF)

###### 

Click here for additional data file.
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